ABSTRACT -This study evaluated growth responses of white shrimp Litopenaeus vannamei by testing different combinations of Jatropha curcas kernel meal (JCK) and tilapia waste silage (FS) as dietary protein sources under laboratory and pond conditions. A reference diet (RD) based on fish meal was elaborated to contain 35% crude protein and 434 kcal/g; then, five isoproteic and isoenergetic experimental diets were formulated from RD with different FS/JCK proportions as follows: 75%FS/0%JCK; 56.25%FS/13.25%JCK; 26.5%FS/30.89%JCK; 18.75%FS/39.75%JCK; and 0%FS/53%JCK. For the laboratory trial, shrimp (2.90 g) were stocked at 10 m 2 in an indoor recirculating system during 90 days. There were differences among the growth parameters of diets. Mean weight gain fluctuated from 6.71±0.61 g observed for the shrimp fed the 75%FS/ 0%JCK diet, to 9.70±0.61 g for the group fed the RD. The RD and 18.75%FS/39.75%JCK diet obtained the highest mean final weight (above 12 g), weight gain (above 9 g), and specific growth rate values (above 1.6%/day). Average final survival was 90.97%. The RD and 18.75%FS/39.75%JCK diets were used for the pond trial. Shrimp (0.49 g) were stocked at 10 m 2 within 1-m 3 cages into the pond for 35 days. Weight gain (3.47 g) and survival (93.33%) of shrimps were similar between the diets. Quadratic equations with the laboratory data indicated that the maximum responses for growth parameters correspond to FS and JKC inclusion levels in the range of 27.83 to 29.00%, and 32.25 to 33.64%, respectively. A combination of 18.75% FS/39.75%JCK meals as protein source is a potential alternative to effectively substitute FM in practical diets for L. vannamei at the studied ages under both laboratory and pond conditions.
Introduction
Traditionally, fish meal (FM) has been the main source of dietary protein for fish and shrimp. In recent years, its increasing cost, decreasing availability in the market, and poor quality have encouraged the development of several studies about its partial or complete replacement with alternative protein sources (Kaushik et al., 1995; Fournier et al., 2004) . Soybean meal (SBM) is currently the most commonly used plant protein source in fish feeds (Yue and Zhou, 2009 ), but its price has increased sharply. Nowadays, maize is used as an energy source for fish to reduce feed costs but at the same time it is utilized to satisfy the rising demand of the fast-growing biofuel industry (Azaza et al., 2009 ). Therefore, searching for new aquaculture feedstuff derived from both vegetal and animal byproducts as protein sources is a priority.
Jatropha curcas is a multipurpose and drought-resistant tree, widespread throughout the tropics and subtropics. It is a hardy plant, thrives on degraded land, and requires limited amounts of nutrients and water. The International Jatropha Organization has projected that, in 2017, there will be around 32.72 million hectares of land cultivated worldwide with J. curcas, producing 160 million tons of seeds, and 95% of its total production will be in Asia (Siang, 2009) . Jatropha seeds have been extensively investigated as a source of oil. The seed kernel contains about 60% oil that can be converted into high-quality biodiesel upon trans-esterification and used as a substitute for diesel fuel (Makkar et al., 2007) . The kernel meal obtained after oil extraction is an excellent source of nutrients and contains 58-62% crude protein (Makkar et al., 2008) . Except for lysine, the levels of essential amino acids in J. curcas kernel meal are higher than in soybean meal. On the other hand, the presence of antinutrients such as trypsin inhibitor, lectin and phytate (Makkar et al., 2008) , and toxic components such as phorbol esters (Makkar and Becker, 2009 ) restrict its use in fish feed. However, nontoxic J. curcas genotypes that do not contain phorbol esters have been reported in Mexico (Makkar et al., 2008) . Jatropha plant can yield up to 4 t seed per year from a 1-ha plantation, which can produce approximately 1 t of kernel meal rich in protein (Makkar and Becker, 2009 ). This means that there is a possibility to produce enough Jatropha kernel meal to partially support the growing aquaculture industry demand.
The use of fish silage as a substitute of FM is an alternative of low-cost nutrients. In general, 60% of the fish captured worldwide is commercialized or processed with adding value (frozen, canned, etc.), producing a considerable amount of organic waste. Also, the aquaculture industry is the largest contributor to the increase of fish production in the world, generating important amounts of fish waste. Thus, the use of fish waste silage contributes additionally to minimize the environmental problems derived by the fish waste discharges to nature. There are successful reports that recommend the use of fish waste silage in the feeding of Clarias gariepinus (Fagbenro et al., 1994) , O. niloticus (El-Hakim et al., 2007; Soltan and El-Laithy, 2008) , Salmo salar (Heras et al., 1994) , Haliotis fulgens (Viana et al., 1999) , Arapaima gigas (Honczaryk and Maeda, 1998) , and Ictalurus punctatus (Haard, 1992) , among other aquatic species.
According to Álvarez et al. (2007) and Suárez et al. (2009) , the combination of different protein sources substituting FM favors the protein efficiency ratio and growth performance of aquatic organisms since the ingredient profiles such as essential amino acids and fatty acids could properly meet the fish and shellfish dietary requirements. This study reported growth responses of L. vannamei by adding different combinations of J. curcas kernel meal and fish waste silage as protein sources in shrimp diets, under laboratory and pond conditions.
Material and Methods
Seeds of J. curcas were obtained from an experimental field, located in Mazatlán, Sinaloa, Mexico (23°14'29" N and 106°24'35" W) . The seeds were broken with physical pressure and dehulled. The inner part was dried and grounded to obtain a meal. Since the lipid content of the J. curcas meal was high (49.66±0.37%), a proportion of 1.5:10 p:v of hexane was dissolved with the meal, filtered, and dried, to finally be stored at 4°C before being used.
Fish silage was prepared using tilapia byproducts (non-edible parts: heads, skin, tail, bones, viscera) obtained from a local processing fish plant (Guasave 400, Guasave, Sinaloa, Mexico; 25°34′28″ N and 108°28′16″W).
Fish byproducts were minced (Torrey ® , M-22R), distributed into plastic bags, and frozen (−20 °C) before use. Fish silage was prepared in 5-L plastic containers by adding 1 kg of fish byproduct and 15 mL of formic acid (85%, Food grade). The substrate was mixed to reduce the pH up to 3.8-4.0 (Fagbenro and Jauncey, 1993) and then incubated under anaerobic conditions for seven days. The temperature range during the production of fish silage was 24-26°C. After that, formic acid was gradually added during the first two days of ensiling to maintain pH below 4.0. Finally, the silage was dried in a draft oven at 60 °C for 24 h and ground before being incorporated to the experimental diets. The pH of the FS was adjusted according to Gallardo et al. (2012) .
The proximate composition of the ingredients and diets (g/kg dry matter) was determined according to the Association of Official Analytical Chemists (AOAC, 1990) methods for ash (Section 942.05), crude fiber (Section 978.10), and moisture (Section 930.15). Crude protein (CP) was determined by the micro-Kjeldahl method (Section 976.05) and crude lipids were determined by AOAC method (Section 920.39; Table 1 ). Amino acid composition of the JCK and FS was determined according to AOAC (1990) ( Table 2) .
A reference diet (RD) based on FM was elaborated containing 35% CP and 434 kcal/g of diet. From RD, five more diets were formulated (Houser and Akiyama, 1997) incorporating different proportions of mixtures of FS/JCK to create isoproteic an isoenergetic diets as follows: 75% FS/0%JCK; 56.25% FS/13.25%JCK; 26.5%FS/ 30.89%JCK; 18.75%FS/39.75%JCK; and 0%FS/53%JCK. The wheat meal was used as filler and energy source when experimental diets were formulated (Table 3) .
Feedstuffs were ground (Grindmaster, Model 505, Louisville, KY, USA), sieved (No. 60, FIIC, SA de CV, MX) through a 100-µ sieve, and mixed in a blender (KitchenAid, Model 600, Benson Harbor, MI, USA) for 30 min. Fish oil and soy lecithin were mixed and later gradually added to the dry mix, as well as water to make a stiff dough. The wet mixture was pressure-pelleted through a meat grinder (Torrey ® , M-22R), steamed for 5 min, and dried in a draft oven at 60 °C overnight, or until pellets contained less than 10% moisture. Finally, diets were broken at 3-4 mm size and stored in plastic bags at 5 °C until use.
Shrimp were obtained from a local farm (Acuícola Camaronera Styl, Guasave, Sinaloa, Mexico; 25°23'42"N and 108°32'46"W) and transported to the experimental acclimation tank, where animals were sorted to homogenize shrimp sizes.
After acclimation, juveniles (2.90±0.06 g) were randomly selected, weighed, and stocked at 10 shrimp/m 2 in 60-L plastic indoor tanks, connected to a recirculating system, in which 50% of the total water volume of each tank was exchanged daily. Diets were tested with three replicates by randomly assigning them to the tanks. All water parameters were measured daily. The temperature was maintained at 28.0±1 °C by introducing an aquarium heater (100 W) into the water inlet container, and constant aeration was supplied to each tank with a stone diffuser connected to a 2-Hp blower to keep the dissolved oxygen concentration above 4.0 mg/L. Salinity (35.0±0.5 PSU) and pH (7.66 to 7.98) were measured daily with a hand refractometer (model 300011, Sper Scientific, USA) and a pH meter, respectively. Photoperiod (12 h light:12 h dark) was maintained with artificial light (white daylight). Shrimp were fed to satiation twice daily (09.00 and 17.00 h) to ensure that their growth was properly expressed by the effect of the diets. Feed waste was siphoned 2 h after each feeding and feces were siphoned daily. The RD and experimental diets were offered to shrimp during one week before starting the experiment, which lasted 90 days.
The second study under pond conditions was carried out to compare the effect of the experimental diet that obtained the best results in the previous laboratory trial and the RD, but on a larger scale. For that, eight plastic cages (500 µm mesh diameter) of 1 m 3 were placed into a 3.5-ha pond (Ejido La Culebra, Sinaloa, Mexico: 25°23'42" N and 108°32'46" W). Cages were attached to a row, keeping 1-m separation between them, from the center and along the pond. To ensure homogenized movement of water, the row was placed perpendicular to the main water flow of the pond. Diets were tested with four replicates by randomly . Cages were cleaned every three days with a soft brush. Daily, shrimp were fed twice to apparent satiation (09.00 and 17.00 h). For that, a feeding tray of 20 cm diameter (2 mm mesh) tied and suspended into the cage with 30% of the feeding ration was used to observe the daily feed intake. The 70% of the feeding ration was distributed on the cage bottom. Shrimp were fed the RD and experimental diets during one week before starting the experiment, which lasted 35 days.
Total body weight (g) of shrimps reared in the laboratory was obtained every two weeks, whereas in the pond, shrimp were weighed weekly. Prior to weighing, shrimp were placed on absorbent paper to remove water excess. Weight gain (WG) was calculated as WG (g) = average final weight -average initial weight; and specific growth rate as SGR (%) = 100 × (ln final weight -ln initial weight)/days of cultivation. Survival rate (S) was calculated as S (%) = (final number of shrimp per treatment/initial number of shrimp per treatment) × 100.
Data were analyzed for normality and homoscedasticity with the Shaphiro-Wilk's and Bartlett's tests, respectively (Zar, 2010) . One-way ANOVA was used to measure the effect of FS and JCK meals as factors. Individual differences between treatments were determined by Tukey's test (Zar, 2010) if a significant interaction between factors was detected. Percentages of survival were log-transformed (ln) before analysis. The Statistica 7.0 software (StatSoft, Tulsa, OK) was used to process the data. Significance was set at P<0.05.
The most adequate inclusion of FS and JCK, based on maximum final weight, WG, and SGR of shrimp studied under laboratory conditions, was determined using quadratic equations (Shearer, 2000) : y = a 0 + a 1 FS (or JCK) + a 2 FS 2 (or JCK 2 ), in which y is the response variable; a 0 , a 1 , and a 2 are regression coefficients; and FS max (or JCK max ) = -a 1 (2a 2 ) −1 estimates the inclusion of FS (or JCK) (%) for maximum response.
Results
Except for the energy (425 kcal/g mean value), the proximal composition of the experimental ingredients (Table 1) showed variation between all contents. Protein was higher than 42% CP for both JCK and FS ingredients. Protein, fiber, and NFE contents were higher for JCK, and FS presented more lipid and ash content. The amino acid composition of the JCK meal displayed higher concentrations compared with those obtained for the FS meal, except for valine. Cysteine (17.00 g/kg) and leucine (9.28 g/kg) contents were three times higher for JCK. Histidine content in FS was not detected (Table 2) . With respect to the dietary amino acid levels recommended for shrimp diet (Table 4) (Tacon et al., 1999; Fox et al., 2010; Nunes et al., 2014) , the 75% FS/0%JCK diet was deficient in arginine, isoleucine, histidine, and tyrosine; the 56.25% FS/13.25%JCK and 26.5%FS/30.89%JCK dets in histidine; and 0%FS/53%JCK diet in valine.
There were significant differences (P<0.05) among the treatments for final weight, WG, and SGR of shrimp reared under laboratory conditions (Table 5) After 35 culture days in the pond, shrimps fed the RD and 18.75%FS/39.75%JCK diet were similar (P>0.05) for the final weight, WG, SGR, and survival (Table 6 ).
Discussion
The combination of plant and animal byproducts as protein sources for partially or totally replacement of FM in shrimp diets represents a viable alternative to balance essential nutrient profiles (amino acids, fatty acids, vitamins, minerals). The results of both trials suggest that FM can be totally substituted for a mixture of FS/JCK meals without negative effects on shrimp performance. The growth observed in our study was typical of shrimp offered a high-quality practical diet under research conditions Hernández et al., 2008) . Survival in the laboratory and pond trials was high, indicating good health condition of shrimp, adequacy of water quality parameters, and absence of nutrient deficiency in the diets. In general, there were no indications of the feed being rejected or poor in palatability, which was determined by visual observation.
There is no information available on the use of the FS/JCK mixture in aquafeeds; both ingredients have been studied separately. Fagbenro and Jauncey (1998) concluded that moist FS pellets were physically stable and highly digestible to Oreochromis niloticus, and Soltan and El-Laithy (2008) pointed out the possibility of replacing 30% of CP by FS in tilapia diets reducing feed costs by 22.43%. Stone et al. (1989) and Soltan and Tharwat (2006) successfully evaluated the inclusion of FS in diets of rainbow trout Salmo gairdneri and African catfish Clarias gariepinus, respectively. Kumar et al. (2010) and Nepal et al. (2010) included JCK in the diet of common carp (Ciprinus carpio) fingerlings, while Shamna et al. (2015) determined growth, nutrient utilization, and physio-metabolic responses of cyprinid Labeo rohita fingerlings fed J. curcas seed cake. To our understanding, so far, there are no reports using the FS/JCK dietary combination in shrimp diets. Similar to our FS -fish silage; JCK -Jathropa curcas kernel meal; SE -standard error. The percentage of FS and JCK yielding maximum final weight, weight gain, and specific growth rate are indicated (dashed lines, × for FS, and ♦ for JCK) (mean±SE; n = 35). work, Gallardo et al. (2012) offered FS, fish waste meal, and a combination of FS with SBM to white shrimp juveniles and concluded that FS sustained reasonable weight gain combined with SBM in a 35% CP practical diet. They obtained a mean weight gain (3.5±0.1 g) similar to that reached in our pond trail (3.47±0.16 g), rearing bigger shrimps (1.9±0.03 g initial weight) in tanks. Specifically, the overall growth results showed that the mixture of the 18.75%FS/39.75%JCK diet can be used to totally substitute FM as the protein source in diets for L. vannamei, since it did not impair shrimp growth performance under both laboratory and pond rearing conditions. The SGR obtained in the laboratory trial was similar (1.9%/day) to that reported by Davis and Arnold (2000) for L. vannamei reared for 42 days using a mixture of coextruded soybean-poultry byproduct meal in a practical diet, but lower (3.9%/day) than the observed by Suárez et al. (2009) for the same species when FM was replaced by soy and canola meals. Differences in results can be attributed to ingredients and proportions used, age of shrimp, culture conditions, and experimental time. The favorable growth response of L. vannamei juveniles fed the 18.75%FS/39.75%JCK diet could be partially explained because of its amino acid content which was the only diet fulfilling the amino acid requirements suggested by Tacon et al. (1999 ), Fox et al. (2010 ), and Nunes et al. (2014 for formulating a diet for shrimp. Church and Pond (1982) concluded that associative effects among ingredients and/or dietary compounds are a commonly observed phenomenon in formulated feeds. For instance, Samocha et al. (2004) reported better growth and survival performances of L. vannamei when totally replacing FM by a mixture of extruded soybean and poultry byproduct meal supplemented with eggs. It suggests that the amino acid content and balance of the 18.75%FS/39.75%JCK diet promoted a good weight gain and survival of shrimp reared in laboratory and pond conditions, which was similar to the growth obtained for shrimp fed the FM diet. According to Nunes et al. (2014) , methionine and lysine are the first limiting amino acids when vegetable and animal byproducts are used in fish and shrimp diets. The dietary methionine and lysine requirements for shrimp range from 0.7 to 0.9% and 1.6 to 2.1%, respectively (NRC, 2011) . All the experimental diets surpassed these ranges, but only the 18.75%FS/ 39.75%JCK diet fulfilled the recommended dietary values given by Tacon et al. (1999) , Fox et al. (2010) , and Nunes et al. (2014) . The daily growth rate (0.1 g/day) of the marine white shrimp evaluated in laboratory and pond using the FS/JCK meal as protein source was similar (0.16, 0.16, 0.15, and 0.13 g/day) to that obtained by Amaya et al. (2007) , Davis et al. (2004) , Furtado et al. (2011) , and Krummenauer et al. (2011) , respectively, feeding L. vannamei juveniles with diverse dietary protein sources in tanks and ponds, but inferior to the full potential of such species under outdoor conditions (0.3 g/day) reported by Tacon et al. (2002) . Differences among the aforementioned works can be attributed to shrimp initial size, culture system, and protein sources in the diet. It is known that the amino acid composition of processed fish silage can vary using different raw materials (Vidotti et al., 2003) . Although the FS used in our experiments was prepared with freshwater fish (tilapia residue from filleting), it seems that the overall growth performance of white shrimp juveniles cultured at high salinity (35-38 PSU) in both trials was not affected by the amino acid composition and source, concluding that FS from tilapia waste filleting combined with JCK meal is a beneficial dietary mixture of ingredients for L. vannamei juveniles.
It is well accepted that the ability of shrimp to utilize diets with low levels of FM in clear water systems greatly differ from those carried out in ponds (D'Abramo and Castell, 1997), limiting the practical application of the obtained data, unless it is validated under natural conditions (Moss and Divakaran, 1995) . The use of net cages in a pond is a very useful tool to overcome an experiment executed in a realistic environment while keeping the assay on a small scale (Moss et al., 2001 ). In our study, the trend in the growth performance of shrimp fed the 18.75%FS/ 39.75%JCK and RD diets were similar in laboratory and pond conditions since they obtained the highest growth rates (0.1 g/day). Besides the tested diets, shrimp capacity to feed on the natural productivity could also partially contribute to the growing results (Leber and Pruder, 1988) . Velasco and Lawrence (2000) and Tacon et al. (2002) mentioned that the ability of shrimp to consume microbial organisms and organic matter produced within a pond directly affects its growth and feed utilization compared with a clear-water culture system. Since growth rate was similar between laboratory and pond trials, it seems that the content of experimental diets evaluated in the pond met shrimp dietary requirements without apparent effect from the natural food in the pond. Nevertheless, further studies evaluating the contribution and composition of plankton in pond production systems are recommended to determine if the lack of significant difference between 18.75%FS/39.75%JCK and RD diets in performance indicators was due to a "dampening" effect resultant from extrinsic nutrients and not to the level of FS/JCK included in the diet. The correlation between the dietary inclusion of the alternative protein sources used and the shrimp weight showed that a combined diet of FS and JCK meals at an average of 28.49/33.11%, respectively, can totally substitute FM without affecting the growth performance of shrimp.
Conclusions
A combination of 18.75% fish silage/39.75% Jathropa curcas kernel meals as protein source is a potential alternative to effectively substitute fish meal in practical diets for L. vannamei. This happened at the studied ages under both laboratory and pond conditions with the diets sustaining reasonable shrimp growth performance.
